Pre-mRNA splicing is catalyzed by the spliceosome, a multimegadalton ribonucleoprotein (RNP) complex comprised of five snRNPs and numerous proteins. Intricate RNA-RNA and RNP networks, which serve to align the reactive groups of the pre-mRNA for catalysis, are formed and repeatedly rearranged during spliceosome assembly and catalysis. Both the conformation and composition of the spliceosome are highly dynamic, affording the splicing machinery its accuracy and flexibility, and these remarkable dynamics are largely conserved between yeast and metazoans. Because of its dynamic and complex nature, obtaining structural information about the spliceosome represents a major challenge. Electron microscopy has revealed the general morphology of several spliceosomal complexes and their snRNP subunits, and also the spatial arrangement of some of their components. X-ray and NMR studies have provided high resolution structure information about spliceosomal proteins alone or complexed with one or more binding partners. The extensive interplay of RNA and proteins in aligning the pre-mRNA's reactive groups, and the presence of both RNA and protein at the core of the splicing machinery, suggest that the spliceosome is an RNP enzyme. However, elucidation of the precise nature of the spliceosome's active site, awaits the generation of a high-resolution structure of its RNP core.
INTRODUCTION
Most eukaryotic genes are expressed as precursor mRNAs ( pre-mRNAs) that are converted to mRNA by splicing, an essential step of gene expression in which noncoding sequences (introns) are removed and coding sequences (exons) are ligated together. Whereas some exons are constitutively spliced-that is, they are present in every mRNA produced from a given pre-mRNA-many are alternatively spliced to generate variable forms of mRNA from a single pre-mRNA species. Alternative splicing is prevalent in higher eukaryotes and it enhances their complexity by increasing the number of unique proteins expressed from a single gene (Nilsen and Graveley 2010) . Unraveling splicing at the molecular level is not only important for understanding gene expression, but it is also of medical relevance, as aberrant pre-mRNA splicing is the basis of many human diseases or contributes to their severity (Novoyatleva et al. 2006; Ward and Cooper 2010) .
Nuclear pre-mRNA splicing is catalyzed by the spliceosome, a multi-megadalton ribonucleoprotein (RNP) complex. Both the conformation and composition of the spliceosome are highly dynamic, affording the splicing machinery its accuracy and at the same time flexibility. Two unique spliceosomes coexist in most eukaryotes: the U2-dependent spliceosome, which catalyzes the removal of U2-type introns, and the less abundant U12-dependent spliceosome, which is present in only a subset of eukaryotes and splices the rare U12-type class of introns (reviewed by Patel and Steitz 2003) . This article focuses on recent advances in our understanding of the structure and function of the U2-dependent spliceosome, with emphasis on constitutive as opposed to alternative pre-mRNA splicing. For more in-depth reviews of alternative splicing and its regulation the reader is referred to several recent reviews (Chen and Manley 2009; Matlin et al. 2005; Black 2003; Smith and Valcárcel 2000) .
CIS-ACTING PRE-mRNA ELEMENTS AND THE CATALYTIC STEPS OF SPLICING
Information provided by a pre-mRNA that contributes to defining an intron is limited to short, conserved sequences at the 5 ′ splice site (ss), 3 ′ ss and branch site (BS) ( Fig. 1 )(see also Burge et al. 1999 ). The BS is typically located 18-40 nucleotides upstream from the 3'ss and in higher eukaryotes is followed by a polypyrimidine tract (PPT) (Fig. 1B) . Different splice site and branch site sequences are found in U2-versus U12-type introns (Burge et al. 1999) . The U2-type consensus sequences found in the budding yeast Saccharomyces cerevisiae exhibit a higher level of conservation than those in metazoans (Fig. 1B) . Additional, cis-acting pre-mRNA elements include exonic and intronic splicing enhancers (ESEs and ISEs) or silencers (ESSs and ISSs). They are typically short and diverse in sequence and modulate both constitutive and alternative splicing by binding regulatory proteins that either stimulate or repress the assembly of spliceosomal complexes at an adjacent splice site (reviewed by Smith and Valcárcel 2000; Wang and Burge 2008) .
Nuclear pre-mRNA introns are removed by two consecutive transesterification reactions (reviewed by Moore et al. 1993) . First, the 2 ′ OH group of the branch adenosine of the intron carries out a nucleophilic attack on the 5 ′ ss. This results in cleavage at this site and ligation of the 5 ′ end of the intron to the branch adenosine, forming a lariat structure (Fig. 1A) . Second, the 3 ′ ss is attacked by the 3 ′ OH group of the 5 ′ exon, leading to the ligation of the 5 ′ and 3 (Fig. 1A) . The intermediates and products of pre-mRNA splicing are similar to those generated during the removal of group II self-splicing introns (see Jacquier 1990 ). This similarity led to the hypothesis that catalysis of pre-mRNA splicing is also RNA-based. Likewise similar to group II self-splicing introns, it was recently shown that, under the appropriate conditions, the chemical steps of nuclear premRNA splicing are reversible (Tseng and Cheng 2008) , which further emphasizes the mechanistic similarities between the two systems. These studies also underscore the dynamic nature of the spliceosome during the catalytic phase of splicing, as discussed later.
INTRON-AND EXON-DEFINED SPLICEOSOME ASSEMBLY PATHWAYS
To compensate for the limited information contained in the splicing substrate itself, a large number of trans-acting factors interact with the pre-mRNA to form the spliceosome, in which the reactive groups of the pre-mRNA are spatially positioned for catalysis. The U2-dependent spliceosome is assembled from the U1, U2, U5, and U4/U6 snRNPs and numerous non-snRNP proteins. The main subunits of the U12-dependent spliceosome, in contrast, are the U11, U12, U5, and U4atac/U6atac snRNPs (reviewed by Patel and Steitz 2003) . Each snRNP consists of an snRNA (or two in the case of U4/U6), a common set of seven Sm proteins (B/B ′ , D3, D2, D1, E, F, and G) and a variable number of particle-specific proteins (Fig. 2) . The most probable secondary structure of the human spliceosomal U1, U2, U4/U6, and U5 snRNAs are shown in Figure 2 ; note that several of the snRNAs undergo structural rearrangements during splicing, as described in detail later. In contrast to ribosomal subunits, none of the spliceosomal snRNPs possesses a pre-formed active site and several of them are substantially remodeled in the course of splicing.
Spliceosome assembly occurs by the ordered interaction of the spliceosomal snRNPs and numerous other splicing factors (reviewed by Brow 2002; Matlin and Moore 2007; Staley and Woolford 2009 ). In the event that an intron does not exceed 200-250 nts, the spliceosome initially assembles across the intron (Fox-Walsh et al. 2005) (Fig. 1C) . In the earliest cross-intron spliceosomal complex (i.e., the E complex), the U1 snRNP is recruited to the 5 ′ ss and non-snRNP factors such as SF1/mBBP and U2AF interact with the BS and PPT, respectively. In a subsequent step, the U2 snRNP stably associates with the BS, forming the A complex (also denoted prespliceosome). The U4/ U6.U5 tri-snRNP, which is pre-assembled from the U5 and U4/U6 snRNPs, is then recruited, generating the precatalytic B complex. Major rearrangements in RNA-RNA and RNA-protein interactions, leading to the destabilization of the U1 and U4 snRNPs, give rise to the activated spliceosome (i.e., the B act complex). Subsequent catalytic activation by the DEAH-box RNA helicase Prp2, generates the B * complex, which catalyzes the first of the two steps of splicing. This yields the C complex, which in turn catalyzes the second step. The spliceosome then dissociates and, after additional remodeling, the released snRNPs take part in additional rounds of splicing.
In addition to this canonical cross-intron assembly pathway, alternative cross-intron assembly pathways leading to a catalytically active spliceosome likely also exist. For example, a complex containing all five snRNPs (the penta-snRNP) but lacking pre-mRNA has been isolated (Stevens et al. 2002) . In the presence of pre-mRNA and additional splicing factors, the penta-snRNP can be chased into an active spliceosome without first undergoing disassembly and then subsequent reassembly. Thus, the generation of an active spliceosome does not necessarily require multiple assembly steps before its activation.
Alternative assembly pathways also exist at the earliest stages of spliceosome assembly, at least in metazoans. Most mammalian pre-mRNAs contain multiple introns whose sizes vary from several hundred to several thousand nucleotides (Deutsch and Long 1999) , whereas their exons have a rather fixed length of only 120 nt on average (Ast 2004) . When intron length exceeds 200-250 nt (which is the case for many introns in higher eukaryotes), splicing complexes first form across an exon (Fox-Walsh et al. 2005) , a process called exon definition (Berget 1995) . Recent analysis of the coevolution of the 5 ′ ss and 3 ′ ss support the idea that exon definition is prominent in mammals, but less so in most other metazoans (Xiao et al. 2007 ). During exon definition, the U1 snRNP binds to the 5 ′ ss downstream of an exon and promotes the association of U2AF with the polypyrimidine tract/3 ′ ss upstream of it (Fig. 1D ). This in turn leads to the recruitment of the U2 snRNP to the BS upstream of the exon. Splicing enhancer sequences within the exon (ESEs) recruit proteins of the SR protein family, which establish a network of proteinprotein interactions across the exon that stabilize the exondefined complex (Hoffman and Grabowski 1992; Reed 2000) .
As the chemical steps of splicing occur across an intron, subsequent to exon definition the 3 ′ ss must be paired across the adjacent intron with an upstream 5 ′ ss. This switch from an exon-defined to intron-defined splicing complex is currently poorly understood. It is thought that cross-exon interactions are first disrupted and the cross-exon complex is then converted into a cross-intron A complex, where a molecular bridge now forms between U2 and U1 bound to an upstream 5 ′ ss (Reed 2000; Smith and Valcárcel 2000) . This 
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Step Figure 1 . Pre-mRNA splicing by the U2-type spliceosome. (A) Schematic representation of the two-step mechanism of pre-mRNA splicing. Boxes and solid lines represent the exons (E1, E2) and the intron, respectively. The branch site adenosine is indicated by the letter A and the phosphate groups ( p) at the 5 ′ and 3 ′ splice sites, which are conserved in the splicing products, are also shown. (See facing page for legend.) C.L. Will and R. Lü hrmann step is decisive in determining which 5 ′ and 3 ′ exon will ultimately be spliced together; recent data indicate that regulation of exon inclusion or skipping during several alternative splicing events occurs during the switch from a cross-exon to cross-intron complex (House and Lynch 2006; Bonnal et al. 2008; Sharma et al. 2008) . Recently, exon-defined complexes were shown to contain not only U1 and U2, but also the U4/U5.U6 tri-snRNP and evidence was provided that it is possible for an exon-defined complex to be converted directly into a cross-intron B complex (Schneider et al. 2010b) . These data suggest that multiple pathways leading from an exon-defined complex to an intron-defined spliceosome likely exist and that, although splice site pairing generally occurs during A complex formation (Lim and Hertel 2004) , in some instances it can potentially occur at an even later stage of spliceosome assembly.
A DYNAMIC NETWORK OF RNA-RNA INTERACTIONS IN THE SPLICEOSOME AND THE CATALYTIC ROLE OF RNA
During spliceosome assembly, an intricate RNA-RNA interaction network is formed that is extensively rearranged during catalytic activation of the spliceosome and the catalytic steps of splicing (reviewed by Nilsen 1998) . Whereas RNA-RNA secondary interactions in the spliceosome are, for the most part, well-characterized, information about the nature and dynamics of RNA tertiary interactions is scarce. Thus, conformational rearrangements in the RNA Figure 1 . (Continued ) (B) Conserved sequences found at the 5 ′ and 3 ′ splice sites and branch site of U2-type premRNA introns in metazoans and budding yeast (S. cerevisiae). Y ¼ pyrimidine and R ¼ purine. The polypyrimidine tract is indicated by (Yn). (C) Canonical cross-intron assembly and disassembly pathway of the U2-dependent spliceosome. For simplicity, the ordered interactions of the snRNPs (indicated by circles), but not those of non-snRNP proteins, are shown. The various spliceosomal complexes are named according to the metazoan nomenclature. Exon and intron sequences are indicated by boxes and lines, respectively. The stages at which the evolutionarily conserved DExH/D-box RNA ATPases/helicases Prp5, Sub2/UAP56, Prp28, Brr2, Prp2, Prp16, Prp22 and Prp43, or network of the spliceosome are likely even more complex than current models would suggest.
At the earliest stages of spliceosome assembly, U1 snRNA base pairs with the 5 ′ ss. U2 snRNA then base pairs with the BS, forming a short U2-BS duplex in which the branch adenosine is bulged out, specifying its 2 ′ OH as the nucleophile for the first catalytic step of splicing. Within the U4/U6.U5 tri-snRNP, the U6 and U4 snRNAs are extensively base paired with each other. After association of the tri-snRNP with the A complex, the U4/U6 interaction is disrupted, and the 5 ′ end of U6 snRNA base pairs with the 5 ′ ss, displacing the U1 snRNA in the process (Fig. 3) . In addition, an extensive base pairing network is formed between U6 and U2, which juxtaposes the 5'ss and BS for the first step of splicing. Furthermore, a central region of the U6 snRNA forms an intramolecular stem-loop structure (U6-ISL) that appears to play a crucial role in splicing catalysis (Fig. 3) . Tri-snRNP integration also leads to U5 snRNA interactions with exon nucleotides near the 5'ss.
The precise nature of the U6 and U2 snRNA interaction network is the subject of some debate, with two different models currently proposed. In the first, U2 and U6 form three helices (Ia, Ib, and II) (Fig. 3) , with the conserved U6 triad AGC forming three base pairs with U2 (corresponding to helix Ib) (Madhani and Guthrie 1992) . In an alternative model the AGC triad no longer base pairs with U2 but rather with other U6 nucleotides, extending the U6-ISL and allowing for an intramolecular U2 stemloop, thereby generating a U2-U6 four-way junction (Sun and Manley 1995; Sashital et al. 2004) . Recent data have revealed a role for helix I in both steps of splicing, and suggest helix I is disrupted after step 1, but reforms before step 2 (Mefford and Staley 2009 ). Single molecule analyses of U2 and U6 RNA duplexes suggest that multiple conformations of these RNAs exist (Guo et al. 2009 ). Thus, U2-U6 interactions appear to be highly dynamic, and these snRNAs likely adopt different conformations at different stages of splicing.
Like U6, the U2 snRNA also appears to undergo intramoleular rearrangements during splicing. Two mutually exclusive stem structures (stem IIa and stem IIc) form within the yeast U2 snRNA in the spliceosome, with recent evidence indicating that U2 toggles iteratively between these two conformations (Hilliker et al. 2007; Perriman and Ares 2007) . Formation of stem IIa promotes the U2/BS interaction during prespliceosome formation. Subsequent formation of stem IIc promotes the first catalytic step of splicing, and a switch back to the stem IIa conformation is required for the second step (i.e., exon ligation). These iterative conformational changes once again underscore the highly dynamic nature of the RNA network within the spliceosome.
Rearrangements are required after step 1 of splicing to reposition the splicing intermediates for the second step of splicing and allow nucleophilic attack of the 5 ′ exon at the 3 ′ ss (reviewed by Smith et al. 2008 ). The precise timing of these changes and the conformation of the RNA-RNA interaction network at this stage is not clear. Recent data have shown that the U6/5 ′ ss interaction must be disrupted before step 2 (Konarska et al. 2006) , The U2/BS interaction is not strictly required for the second step and thus it has been proposed that this interaction is also disrupted between the first and second step of splicing (Smith et al. 2007 ). The conformation of the U2/U6 interaction is also not entirely clear, but likely helix Ia, Ib, and II are formed at this stage (see previous discussion). Before step 2, U5 also contacts exon nucleotides just downstream of the 3 ′ ss, and not only tethers the 5 ′ exon to the spliceosome after step 1, but also aligns both exons for the second catalytic step (reviewed by Turner et al. 2004) .
A large body of evidence supports the idea that catalysis of pre-mRNA splicing is at least partially RNA-based with U2 and U6 playing key roles (reviewed by Valadkhan 2005; Wachtel and Manley 2009) . Several intermolecular structures formed by the pre-mRNA and the U2, U5, and U6 snRNAs are similar to intramolecular structures formed by self-splicing group II introns (Keating et al. 2010) , supporting the idea that pre-mRNA splicing is catalyzed by RNA. Reactions resembling splicing can be catalyzed by short U2 and U6 RNAs in the absence of protein (Valadkhan and Manley 2001; Valadkhan et al. 2007 Valadkhan et al. , 2009 ). However, the kinetics and efficiency of these reactions are slow, suggesting that important cofactors are missing. Furthermore, recent data suggest that RNA generally has a high intrinsic reactivity (Smith and Konarska 2009a) , which asks for more profound evidence for the validity of using such snRNA only systems as evidence for RNA-based splicing catalysis (Smith and Konarska 2009b) . Perhaps the most compelling evidence that the spliceosome's active site is composed (at least partially) of RNA comes from the crystal structure of a self-splicing group II intron (Toor et al. 2008) . These studies revealed that RNA motifs shared by U6 snRNA and group II introns, namely the ACAGAG box and AGC triad, form the basis of the group II intron active site (see also discussion by Keating et al. 2010) . On the other hand, data supporting the idea that protein comprises part of the spliceosome's active site also continues to mount (reviewed by Abelson et al. 2008; Wachtel and Manley 2009) . Foremost is the recent discovery that the spliceosomal Prp8 protein contains an RNAse H-like domain (see later), suggesting it participates directly in catalysis.
A CONFORMATIONAL TWO-STATE MODEL FOR THE SPLICEOSOME'S CATALYTIC CENTER
The spliceosome appears to use a single active site for both catalytic steps, and thus the lariat intermediate formed in the first step is thought to be displaced to allow positioning of the 3 ′ ss for the second step (repositioning of the 5 ′ exon, in contrast, would theoretically not be required). Thus, the spliceosome would need to exist in two distinct conformational states during the catalytic phase of splicing, binding the substrates differently for the two steps. Based on elegant genetic studies in yeast, demonstrating the existence of two opposing classes of suppressor alleles, an equilibrium between two distinct spliceosome conformations, one that promotes the first step and another conformation that promotes the second step was proposed (Query and Konarska 2004; Konarska and Query 2005) . By analogy to the ribosome, where tRNA decoding involves transitions between open and closed conformations at the A site of the 30S subunit, the catalytic center of the spliceosome may thus likewise toggle between open and closed states. Indeed, a number of interactions within the spliceosome appear to toggle (i.e., they are disrupted and then reform at a later stage), such as observed with stem II of the U2 snRNA (see earlier; Hilliker et al. 2007; Perriman and Ares 2007) . The demonstration that the catalytic steps of splicing are reversible also support this model (Tseng and Cheng 2008) . More recent data suggest that the transition between these two states has multiple phases, including a repositioning step ). Thus, the transition from step 1 to step 2 of splicing likely involves several remodeling events (Smith et al. 2008 ).
THE SPLICEOSOME POSSESSES A COMPLEX AND DYNAMIC PROTEIN COMPOSITION
Unlike group II introns, nuclear pre-mRNA introns and the spliceosomal snRNAs do not self-assemble into a catalytically active structure in the absence of spliceosomal proteins. Proteins play critical roles in the recognition and pairing of splice sites, facilitate the dynamics of the RNA-RNA, RNA-protein, and protein-protein interaction networks of the spliceosome, and ensure that the reactive sites of the pre-mRNA are properly positioned for catalysis as discussed in detail later. Proteomic analyses of purified human spliceosomal complexes indicate that over 170 proteins associate with the metazoan spliceosome at some point during the splicing process, with individual assembly intermediates (e.g., B and C complexes) containing significantly fewer ( 110) proteins (reviewed by Jurica and Moore 2003; Wahl et al. 2009 ). Thus, the spliceosome is a particularly protein-rich RNP, with proteins comprising more than two-thirds of its mass in humans in the case of short pre-mRNA introns. Protein -protein, as well as protein -RNA interactions should therefore be prevalent and play functionally important roles in the spliceosome. As a consequence of its complexity, assembly of the spliceosome represents a kinetic challenge that is met, in part, by prepackaging many spliceosomal proteins in the form of snRNPs or in stable pre-formed heteromeric complexes. Indeed, 45 proteins are recruited to the human spliceosome as part of the spliceosomal snRNPs, whereas non-snRNP proteins comprise the remainder. The composition of the spliceosome is highly dynamic with a remarkable exchange of proteins from one stage of splicing to the next. These changes are also accompanied by extensive remodeling of the snRNPs within the spliceosome. In addition to human and Drosophila melanogaster spliceosomes (Herold et al. 2009 ), the protein composition of affinity-purified, in vitro assembled S. cerevisiae spliceosomal complexes has now been determined by mass spectrometry ). Analysis of yeast B, B act and C complexes revealed that the number of proteins identified in each complex is much lower than that in the corresponding metazoan complex. For example, yeast precatalytic B complexes contained only 60 proteins (compared to 110 in humans and flies), including essentially all U1, U2, and tri-snRNP proteins plus proteins of the nineteen complex (NTC) and mRNA retention and splicing (RES) complex (Fig. 4) . Likewise, yeast C complexes contained only 50 proteins compared to 110 in metazoan C complexes. Altogether 90 proteins were identified in yeast spliceosomes, nearly all of which have homologs in higher eukaryotes ). Thus, the yeast splicing machinery likely contains the evolutionarily conserved, core set of spliceosomal proteins required for constitutive splicing. Indeed, most of the remaining 80 proteins found in human and D. melanogaster spliceosomes have no counterparts in yeast, with many playing a role in alternative splicing, a process that is essentially absent in yeast .
A dramatic exchange of proteins occurs during spliceosome assembly and activation ). The same homologous proteins are subject to dissociation/recruitment events during the transition from the B to C complex in both metazoans and yeast (Deckert et al. 2006; Bessonov et al. 2008; Fabrizio et al. 2009; Herold et al. 2009 ), indicating that these compositional changes are an evolutionarily conserved design principle of the spliceosome. In yeast, the most extensive compositional exchange occurs during the transition from the precatalytic B complex to the activated B act complex ). During this transition, 35 proteins dissociate, including among others all U1 and U4/U6 associated proteins, whereas 12 others are recruited (Fig. 4) . Thus, the U4/U6.U5 tri-snRNP undergoes massive remodeling during activation, with all U4/U6 associated proteins, the U4 snRNA and some U5 proteins released. It is presently not clear whether these proteins are destabilized/released concomitantly or in separate steps. Indeed it is not known how many discrete RNP remodeling events occur during splicing. Numerous structurally distinct spliceosome intermediates likely exist, with each RNP rearrangement potentially subjected to regulation. As the U6 snRNA appears to have lost most of its preactivation binding partners, it not only engages in novel base pairing interactions with U2 but also new protein -RNA interactions are thought to be established ). Proteins of the NTC complex (or Prp19/CDC5 complex in humans) and related proteins, as well as SR proteins in humans (Shen and Green 2007) , likely are involved in tethering the U6 snRNA at this stage (Chan et al. 2003) . In humans there is evidence that the U5 snRNP is also remodeled during activation; 15 proteins-including those comprising the human Prp19/CDC5 complex associate stably with U5 at this stage, yielding a remodeled 35S form of the U5 snRNP (Makarov et al. 2002) .
The transition from B act to C complex is also accompanied by compositional changes, but to a much lesser extent. In yeast, only two proteins are lost and nine proteins, including step two factors and the trimeric NTR spliceosome disassembly complex, are recruited at this stage (Fig. 4) . Because of the low number of proteins recruited at this stage, it has been possible to investigate the role of some of these factors in the catalytic steps of splicing using affinitypurified yeast B act complexes of defined composition and adding back recombinant splicing factors (Warkocki et al. 2009 ; see also below). The ability to restore both steps of S. cerevisiae splicing from purified components should allow a fine dissection of the role of RNA helicases in RNP remodeling events accompanying the catalytic steps of splicing. Interestingly, the U2 snRNP also appears to be substantially remodeled just before, or during, C complex formation both in yeast and humans, with an apparent destabilization/loss of the U2-associated SF3a and SF3b proteins (Bessonov et al. 2008; Fabrizio et al. 2009 ). This suggests that, although required for the U2/BS interaction during the early stages of splicing, SF3a/b are not required after step 1. This is also consistent with the proposed disruption of the U2/BS interaction after step 1 (Smith et al. 2007) .
Recently it was possible to purify human spliceosomal C complexes that were capable of catalyzing exon ligation on their own (Bessonov et al. 2008) . High salt treatment of these C complexes yielded an RNP core consisting of only 35 proteins, in which the catalytic RNA-RNA network appeared to be intact. Main components of this spliceosomal RNP core are Prp19/CDC5 proteins and Prp19-related factors, plus U5 proteins including Prp8. These data provide a first glimpse into the RNP core of the step 1 spliceosome and indicate that the aforementioned proteins play a central role in sustaining its catalytically active structure.
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A RICH PROTEIN COMPOSITION AFFORDS FLEXIBILITY TO THE METAZOAN SPLICEOSOME
The highly complex nature of the metazaon spliceosome in terms of its protein composition is puzzling at first glance. However, as mentioned earlier, a large number of human spliceosome-associated proteins play largely regulatory roles in splicing, whereas others are thought to couple splicing to other molecular machines in the nucleus, including those involved in transcription and polyadenylation (reviewed by Maniatis and Reed 2002 are loosely associated and/or have redundant functions (e.g., different SR-proteins) and thus are likely not required to splice every pre-mRNA substrate ). Indeed, recent observations suggest that pre-mRNA substrates differ even in their requirements for core components of the spliceosome, presumably because of different affinities between components of the spliceosome and the various pre-mRNAs they encounter or the redundant nature of splicing signals (Clark et al. 2002; Park et al. 2004; Pleiss et al. 2007 ). Thus, the compositional complexity of the metazoan spliceosome is likely in part a reflection of the wide variety of pre-mRNA substrates that it must engage and the widespread occurrence of regulated splicing events. The expanded repertoire of spliceosome-associated proteins also affords flexibility to the splicing machinery to quickly respond to changes in the cellular environment.
SPLICE SITE RECOGNITION INVOLVES THE COORDINATED ACTION OF RNA AND PROTEIN
One of the earliest tasks of the spliceosome is to distinguish bona fide splice sites from the numerous nonauthentic sites found in a pre-mRNA. Proteins contribute to splice site recognition both indirectly by stabilizing snRNA-premRNA base pairing interactions or directly by contacting reactive nucleotides of the pre-mRNA. During splicing, splice sites are recognized multiple times by both protein and RNA, ensuring the remarkable precision of the splicing reaction. Many functionally important binary interactions within the spliceosome are weak. However, the combination of multiple weak interactions enhances the overall stability of the RNP complexes formed, while at the same time affording the spliceosome the plasticity needed for regulated splicing events. The 5 ′ ss is initially recognized via base pairing of the U1 snRNA. In metazoans, this interaction is stabilized by the U1-70K and U1-C protein (which directly contacts the 5 ′ ss), as well as members of the SR protein family (reviewed by Will and Lührmann 2006) . Recent data indicate that SR proteins, via their RS domain, help to stabilize not only the U1/5 ′ ss base pairing interaction, but also subsequent U6 and U5 contacts with the 5 ′ ss (Shen and Green 2004 . In addition to engaging in protein-protein interactions, positively-charged RS domains are thought to selectively contact the pre-mRNA's splicing signals (i.e., the 5 ′ ss and BS) during the formation of transient snRNA-pre-mRNA duplexes and subsequently promote these interactions by neutralizing the positively charged phosphates of the two RNA strands (Valcárcel et al. 1996; Shen and Green 2006) . A dissection of SR protein interactions with the 5 ′ ss revealed that the RS domain contacts the site of the U6/5 ′ ss interaction during step 1 of splicing, and then shifts to the site of the U5/5 ′ ss interaction before step 2, mirroring the remodeling of the spliceosome between the two steps of splicing (Shen and Green 2007) . The U5 protein 220K/Prp8 also contacts the 5 ′ ss (as well as the 3 ′ ss, BS and PPT) (reviewed by Grainger and Beggs 2005) . Prp8 has thus been implicated in 5 ′ ss recognition, and also in aiding to position the 5 ′ ss within the spliceosome for the first step of splicing. After step 1, 220K/ Prp8 is thought, together with the U5 snRNA, to help align the 5 ′ ss and 3 ′ ss for the second step. Multiple interactions also contribute to the recognition of the BS (reviewed by Will and Lührmann 2006; Wahl et al. 2009 ). In metazoans, the branch adenosine is initially recognized by SF1/mBBP, which binds cooperatively with the heteromeric dimer U2AF. The 65-kDa subunit of U2AF binds the neighboring polypyrimidine tract, whereas its 35 kDa subunit contacts the 3 ′ ss and plays a role in 3 ′ ss recognition. In a subsequent step, the U2/BS base pairing interaction is formed, SF1/mBBP is displaced and the branch adenosine is now contacted by a subunit of the U2-associated SF3b complex, namely p14/SF3b14a. The U2/BS duplex is stabilized by U2AF and subunits of the heteromeric splicing factors SF3a and SF3b, which contact the pre-mRNA in the vicinity of the branch site. During the catalytic steps of splicing, there are likely multiple remodeling events at or near the BS, but these are presently not well-characterized.
PROTEINS FACILITATE STRUCTURAL REARRANGEMENTS IN THE SPLICEOSOME
The sequential rearrangements in the spliceosome's RNA-RNA and RNA-protein networks are driven in most cases by members of the DExD/H-box family of RNA unwindases/RNPases which include Prp5, Sub2/UAP56, Prp28, U5-200K/Brr2, Prp2, Prp16, Prp22, and Prp43 (reviewed by Staley and Guthrie 1998). The energy of ATP hydrolysis by these enzymes is coupled to structural/compositional rearrangements at one or more steps of the splicing cycle (Fig. 1C) . Although the precise targets of many of these proteins remain largely unknown, in several cases the mechanisms of their action and regulation are beginning to emerge. The activity of these enzymes must be highly coordinated, a task carried out in part by other spliceosomal components and also modulated in some cases by posttranslational modifications. Several DExD/H-box proteins also play a key role in ensuring the fidelity of the splicing process by facilitating the discard of aberrant/nonproductive splicing intermediates/products (reviewed by Smith et al. 2008 ). The DEAD-box proteins Prp5 and Sub2/UAP56 are required for prespliceosome formation. UAP56/Sub2p is thought to facilitate U2 addition to the spliceosome by displacing Mud2p (the yeast homolog of U2AF) and/or BBP from the BS (Kistler and Guthrie 2001) . Thus, some spliceosomal DExD/H-box proteins appear to directly catalyze RNA-protein rearrangements in the spliceosome rather than unwind RNA duplexes, as initially thought. Studies in humans suggest that Sub2/UAP56 also acts at a later stage of spliceosome assembly, contacting the U4 and U6 snRNAs and potentially contributing to their unwinding (Shen et al. 2008) . Prp5p is thought to use ATP hydrolysis to remodel the U2 snRNP, thereby facilitating U2 snRNA binding to the BS. More recent data indicate that Prp5 also plays a role in proofreading the stability of the U2/BS duplex (Xu and Query 2007) .
The DEAD-box protein Prp28 catalyzes the exchange of U1 with U6 at the 5 ′ ss (Staley and Guthrie 1999) during the transition from complex B to B act . Prp28 appearsto function by actively disrupting an RNA-protein interaction that stabilizes the U1/5 ′ ss base pairing interaction, namely the interaction between U1-C and the 5 ′ ss (Chen et al. 2001 ). In humans, phosphorylation of Prp28 is required for its association with the tri-snRNP and for the subsequent stable integration of the tri-snRNP during B-complex formation (Mathew et al. 2008 ). Whether phosphorylation (or dephosphorylation) of Prp28 modulates its function in releasing U1 from the 5 ′ ss is presently not known. The DExD/H-box protein Brr2 catalyzes a crucial step in spliceosome activation, namely the unwinding of U4/ U6. Most RNA helicases join the spliceosome transiently at the stage at which their activity is required. Brr2, in contrast, is an integral spliceosome component whose activity must be tightly regulated to prevent premature unwinding of U4/U6. Recent evidence indicates that at least two proteins, Prp8 and the GTPase Snu114, regulate Brr2 activity during spliceosome activation. A carboxy-terminal fragment of Prp8 has been shown to interact with Brr2 and stimulate its helicase activity ). As this region of Prp8 binds ubiquitin (Bellare et al. 2006) and Prp8 is ubiquinated in the tri-snRNP, it has been suggested that this posttranslational modification ultimately plays a key role in regulating Brr2 activity (Bellare et al. 2008 ; see also later discussion). U4/U6 unwinding during catalytic activation also requires the U5-associated GTPase Snu114 (Bartels et al. 2002; Brenner and Guthrie 2005) , which is homologous to the ribosomal elongation factor EF-2 that catalyzes structural rearrangements in the ribosome during translocation. Recent data indicate that Brr2 activity is blocked by Snu114 when it is bound to GDP, but not by its GTP bound form (Small et al. 2006 ). Snu114 interacts with the same region of Prp8 as Brr2 does, namely its carboxyl terminus, suggesting this region of Prp8 may additionally coordinate Snu114 control of Brr2. Other proteins playing a role in the rearrangements accompanying catalytic activation include members of the yeast NTC or human Prp19/CDC5 complex. During spliceosome activation, the NTC complex acts subsequent to U4 dissociation, apparently by stabilizing the association of U5 and U6 with the activated spliceosome (Chan et al. 2003) . More recent data indicate that the NTC plays a key role in specifying the proper interaction of U5 and U6 with the pre-mRNA substrate before step 1 (Chan and Cheng 2005) .
The DExH/D-box protein Prp2 is required before step 1 of splicing and it promotes a poorly understood remodeling event that converts B act into the catalytically active B * complex. Studies with purified yeast spliceosomes containing a heat-inactivated Prp2 mutant ( prp2-1) revealed a major conformational rearrangement, as evidenced by gradient sedimentation analysis and electron microscopy, upon complementation with purified Prp2 in the presence of ATP (Warkocki et al. 2009 ). This conformational change leads to a destabilization of SF3a and SF3b proteins, that likely exposes the BS before step 1 (Warkocki et al. 2009 (Madhani and Guthrie 1994) , suggesting it acts on a structure containing one or more of these components. Prp16 also regulates the fidelity of branch site recognition, promoting the discard of aberrant lariat intermediates (Burgess and Guthrie 1993a) . These early studies led to a kinetic proof reading model (based on a model initially proposed for proofreading during translation) in which the rate of ATP hydrolysis by Prp16 (or in general by any other ATPase) is proposed to act as a timer to regulate the outcome of two competing events, in this case either discard of an aberrant intermediate or its participation in the next step of splicing (Burgess and Guthrie 1993b) . Prp18, Slu7, and Prp22, which act after Prp16, also promote the second step, apparently also by aiding the alignment of the reactive groups responsible for step 2 (reviewed by Umen and Guthrie 1995; Smith et al. 2008) . For example, recent data suggest that the interaction of U5 loop 1 with both exons is stabilized by Prp18 at this stage .
The DExD/H-box protein Prp22 not only functions subsequent to Prp16 during step 2, but it is also required for the release of the mRNA product from the spliceosome. Prp22 is deposited on the mRNA downstream of the exonexon junction, concomittant with an RNP rearrangement occurring during step 2 of splicing (Schwer 2008) . It is then thought to displace U5 from the mRNA by disrupting Prp8 and U5 snRNA interactions with exon nucleotides, leading to mRNA release Schwer 2008) . Prp22 also plays a role in ensuring the fidelity of exon ligation by repressing the splicing of aberrant splicing intermediates (Mayas et al. 2006) .
Spliceosome components must function in multiple rounds of splicing, and thus sequestration of splicing factors in postcatalytic or defective splicing complexes would be detrimental. Release of the excised intron from the postsplicing complex, which is accompanied by release of U2, U5, and U6, is catalyzed by Prp43. In yeast, Ntr1 and Ntr2 (which form a stable complex) are also required for spliceosome disassembly (Tsai et al. 2005) and recruit Prp43 to the spliceosome (Tsai et al. 2007 ). Ntr1 acts as an accessory factor that on binding to Prp43, stimulates its helicase activity (Tanaka et al. 2007 ). Both proteins have also been implicated in a turnover pathway for defective spliceosomes (Pandit et al. 2006 ). Brr2 and Snu114 also are required at this stage, where they are thought to facilitate unwinding of U2/U6 duplexes in the postsplicing complex (Small et al. 2006 ).
POSTTRANSLATIONAL PROTEIN MODIFICATIONS ALSO CONTRIBUTE TO SPLICING DYNAMICS
Posttranslational modifications also promote critical RNP rearrangements essential for splicing. The role of reversible protein phosphorylation in splicing continues to grow, and evidence has now been provided that other forms of posttranslational modification also affect the splicing process. The essential role of SR protein phosphorylation/dephosphorylation in splicing is well documented (reviewed by Misteli 1999; Soret and Tazi 2003) , with de/phosphorylation shown to modulate protein -protein and protein -RNA interactions involving RS domains (Xiao and Manley 1997; Shin et al. 2004 ). Indeed, protein modifications likely play a critical role in splicing dynamics by influencing the stability of protein-protein interactions. Dephosphorylation of several spliceosomal phosphoproteins is required for the catalytic steps of splicing, with PP1/PP2A phosphatases playing key roles at this stage. For example, dephosphorylation of the U1-70K protein (Tazi et al. 1993 ) and SR protein ASF/SF2 (Cao et al. 1997 ) is required for step 1 in mammals. The U2-associated SF3b155 protein is hyperphosphorylated just before, or during, step 1 of splicing (Wang et al. 1998 ). SF3b155 and U5-116K (human Snu114) are dephosphorylated by PP1/PP2A phosphatases concomitant with step 2 of splicing (Shi et al. 2006) . It was thus proposed that dephosphorylation of these proteins facilitates essential structural rearrangements in the spliceosome during the transition from the first to the second step of splicing (Shi et al. 2006 ). Several human tri-snRNP proteins were recently shown to be phosphorylated and their phosphorylation was linked to the stable integration of the U4/U6.U5 tri-snRNP during B-complex formation. Specifically, the human trisnRNP protein hPrp28 is phosphorylated by the kinase SRPK2 and in the absence of Prp28 phosphorylation, B-complex formation is blocked (Mathew et al. 2008 ). In addition, human Prp6 and Prp31, both tri-snRNP proteins, are phosphorylated during B-complex formation by Prp4 kinase (Schneider et al. 2010a) . The latter kinase is required for stable association of the tri-snRNP during B-complex formation, suggesting that phosphorylation of Prp6 and Prp31 may contribute to this step. Thus, in higher eukaryotes, numerous phosphorylation events contribute to spliceosome assembly, which could therefore potentially be modulated at multiple regulatory checkpoints. Both Prp4 kinase and SRPK2 are absent from S. cerevisiae. The latter kinase phosphorylates RS domains that, in higher eukayotes, are typically found in SR proteins and also other spliceosomal proteins (including hPrp28), but are for the most part absent in S. cerevisiae. Indeed, there appear to be generally fewer phosphorylation events during splicing in S. cervisiae and thus fewer regulatory targets/switches. This is consistent with the paucity of alternative splicing events in yeast, and also with the more flexible nature of interactions among spliceosomal components in higher eukaryotes which thus may be more susceptible to fine tuning by posttranslational modifications.
Aside from phosphorylation, a number of other posttranslational modifications have been implicated in premRNA splicing. Proteomic analyses have revealed that numerous spliceosomal proteins are acetylated (Choudhary et al. 2009 ), and small-molecule inhibitors of acetylation block spliceosome assembly in vitro at distinct stages before activation (Kuhn et al. 2009 ), suggesting that acetylation plays a role in splicing. U2AF65 was shown to undergo lysyl-hydroxylation and the responsible enzyme, Jmjd6, was shown to play a role in splicing regulation (Webby et al. 2009 ). Finally, evidence was provided that ubiquitination plays an important role in splicing (Bellare et al. 2008 ). Specifically, it was shown to be required to maintain tri-snRNP levels by apparently inhibiting the premature unwinding of U4/U6 (Bellare et al. 2007 ). These studies also revealed that Prp8 is ubiquitinated within the tri-snRNP. Given Prp8's known role in modulating Brr2 activity (see earlier discussion), it was postulated that ubiquitination/deubiquitination of Prp8 likely plays an indirect role in regulating both U4/U6 unwinding during catalytic activation, and U2/U6 unwinding during spliceosome disassembly (Bellare et al. 2008) .
STRUCTURE OF THE SPLICEOSOMAL snRNPs AND NON-snRNP SPLICING FACTORS
Insight into the spliceosome's structural organization initially came from the characterization of its main subunits, namely the snRNPs. Much has been learned about protein -protein and protein-RNA interactions within the spliceosomal snRNPs (reviewed by Kambach et al. 1999a; Will and Lührmann 2006 ) and a complete picture of the spatial arrangement of snRNP components is slowly emerging via ultrastructural analyses of the snRNPs and their components. Single-particle electron cryomicroscopy has been instrumental in elucidating the morphology and architecture of the spliceosomal snRNPs. Low to moderate resolution ( 10-30 Å ) 3D structures of the U1 snRNP, the heteromeric protein complex SF3b (a major subunit of the U2 snRNP), the U11/U12 di-snRNP, and the U4/U6.U5 tri-snRNP and its subunits U5 and U4/U6, have been obtained by EM (reviewed by Stark and Lührmann 2006) . The resolution of the U1 snRNP ( 10 Å ), SF3b ( 10 Å ), and the U11/U12 di-snRNP ( 12 Å ) was sufficient to allow the localization of a subset of their protein components by fitting known structures or subdomains of these proteins into the 3D EM map. For example, the RRMs of SF3b49 and SF3b14a/p14 and the carboxy-terminal HEAT repeats of SF3b155, could be localized in the 3D reconstructions of the isolated SF3b complex and also in the U11/U12 di-snRNP (which contains SF3b) (Golas et al. 2003 (Golas et al. , 2005 . The large body of biochemical and structural data available for the U1 snRNP, coupled with its relatively simple composition, allowed the generation of a 3D model of the human U1 snRNP, in which all of its components could be localized (Stark et al. 2001) .
EM studies have recently shed light on the molecular architecture of the U4/U6.U5 tri-snRNP. 3D structures of the individual subunits of the human tri-snRNP, namely the U5 and U4/U6 snRNPs, together with the 3D structure of the U4/U6.U5 tri-snRNP have now been obtained by performing cryo-negative stain electron microscopy ( Fig. 5A) (Sander et al. 2006) . The tri-snRNP possesses an elongated, tetrahedral shape with dimensions of 305 Å ×200 Å ×175 Å and its 3D structure could be determined at a resolution of 25 Å . The position of the U5 and U4/ U6 snRNPs within the tri-snRNP could be localized by fitting their 3D structures into the 3D map of the tri-snRNP (Fig. 5A) . The positions of the m3G cap and loop 1 of the U5 snRNA were mapped by immunolabeling followed by EM. Because of the low resolution of the EM map, it was not possible to localize individual tri-snRNP proteins using information about their structure obtained by NMR or X-ray crystallography.
By analysing purified yeast U4/U6.U5 tri-snRNPs containing proteins with a genetically introduced tag, the structural arrangement of U5-and U4/U6-specific proteins in the S. cerevisiae tri-snRNP was determined by EM (Häcker et al. 2008) . 2D EM images of the "wildtype" yeast tri-snRNP-which has a morphology very similar to the human tri-snRNP-or those containing a tagged trisnRNP protein were generated and compared. In this way, the carboxyl terminus of the U5 proteins Prp8, the DExH/D-box helicase Brr2, and GTPase Snu114 could be localized in the main body of the tri-snRNP, demonstrating U4/U6.U5 Fit into U4/U6.U5 Figure 5 . Three dimensional EM structure of the U4/U6.U5 tri-snRNP and localization of functionally important tri-snRNP proteins. (A) 3D reconstructions of the human U5 and U4/U6 snRNPs and tri-snRNP, and fitting of U5 and U4/U6 into the tri-snRNP 3D map (adapted, with permission, from Sander et al. 2006 [# Elsevier] ). The head domain of U5 (highlighted blue) appears to be flexible and it is positioned in the U5 snRNP 3D reconstruction shown in a manner favorable for fitting into the tri-snRNP 3D map. (B) Left, representative 2D class average of the affinity purified S. cerevisiae U4/U6.U5 tri-snRNP as visualized by negative-stain electron microscopy after mild fixation using the Grafix protocol. The main structural domains are indicated. Right, cartoon model of the yeast tri-snRNP. Area corresponding to the U5 and U4/U6 snRNPs and the linker region are shaded grey, orange, or yellow, respectively. The position of the carboxyl terminus of several tri-snRNP proteins is indicated (adapted from Häcker et al. 2008 ).
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Cite as Cold Spring Harb Perspect Biol 2011;3:a003707 that the U5 snRNP is located in this region (Fig. 5B) . In addition, the U4/U6-proteins LSm8 and Prp3 were mapped to the so-called "arm"-indicating the U4/U6 snRNP is located in this region-and the tri-snRNP-specific bridging proteins Prp6 and Prp31 were detected in the linker region of the tri-snRNP (Fig. 5B) . The spatial organization of Brr2 relative to the U4/U6 snRNP has important implications for the mechanism whereby Brr2 facilitates U4/U6 snRNA unwinding during catalytic activation (Häcker et al. 2008) . These data thus provide a structural framework for potential mechanisms whereby the molecular motor proteins (Prp8, Brr2, and Snu114) of the tri-snRNP act. A similar genetic tagging approach was used to map the position of the LSm 2-8 proteins in the yeast U6 snRNP, supporting the previously proposed order of the Lsm proteins within the Lsm ring and elucidating their spatial organization relative to the U6-associated Prp24 protein (Karaduman et al. 2008 ). In the future, the introduction of genetic tags can potentially be used to map via EM the location of these and other proteins in spliceosomal complexes.
HIGH RESOLUTION STRUCTURES OF snRNP AND/OR SPLICEOSOME COMPONENTS
Because of its highly dynamic and complex nature, as well as the limited amounts that can be purified, obtaining structural information about the spliceosome at the atomic level represents a major challenge. X-ray crystallography and NMR analyses have been limited (with one notable exception; see later) to individual snRNP and spliceosomal proteins alone or in complex with RNA or a protein binding partner. Crystal structures of a fragment of the U1-A protein bound to stem-loop II of U1 snRNA (Oubridge et al. 1994) , the U2-A ′ /B ′′ heterodimer bound to U2 snRNA stem-loop IV (Price et al. 1998) , the 15.5K protein complexed with the 5 ′ SL of U4 snRNA (Vidovic et al. 2000) , and two heteromeric Sm protein dimers (Kambach et al. 1999b) , yielded the first insights into the atomic structure of the spliceosomal snRNPs.
More recently, progress has been made in determining the atomic structure of RNA and/or protein fragments of the spliceosome that play important roles in splice site recognition (reviewed by Ritchie et al. 2009 ). For example, the structural basis for several binary interactions important during early recognition of the branch site or polypyrimidine tract has been elucidated. These include SF1 bound to a branch site RNA (Liu et al. 2001) , U2AF65 bound to a polypyrimidine tract (Sickmier et al. 2006 ), U2AF65's RRM3 bound to an amino-terminal SF1 peptide (Selenko et al. 2003) , a heterodimer of U2AF65 and U2AF35 (Kielkopf et al. 2001) , and SF3b14a/p14 bound to a SF3b155 peptide (Schellenberg et al. 2006; Spadaccini et al. 2006) . Although it cannot be ruled out that the structure of these complexes differs in the context of the spliceosome, the high resolution information obtained can potentially be used to map their position in EM structures of early spliceosomal complexes, provided the resolution of the latter is sufficient (i.e., 10 Å or less) for integrating such structural information. Indeed, using its atomic structure information, the p14/SF3b155 peptide complex could be fitted into the 3D EM map of the SF3b complex (Schellenberg et al. 2006) .
High resolution structures of functionally important proteins of the U4/U6.U5 tri-snRNP have also now been reported. The crystal structure of a portion of the U4 snRNP, consisting of the U4 snRNA 5 ′ stem-loop complexed with the 15.5K protein and part of the hPrp31 protein, was solved ( Fig. 6A) ). This study revealed the molecular mechanism underlying the ordered assembly pathway of the U4 snRNP, demonstrating that the 15.5K protein and U4 snRNA form a composite RNP binding site for hPrp31, with 15.5K additionally stabilizing the RNA in a conformation favourable for hPrp31 binding. Induced fit interactions are common for most RNA-protein complexes and the binding of Prp31 leads to pronounced structuring of the pentaloop of the U4 snRNA 5 ′ stem-loop (Fig. 6A) .
Insights into the overall structure and mechanism of action the U5-associated DExD/H-box helicase Brr2 have also now been obtained. Brr2 contains two helicase domains (the second of which does not appear to be essential for its helicase activity), each comprised of two RecA-like modules followed by a Sec63-like domain of unknown function. Two groups have now solved the crystal structure of the C-terminal Sec63 domain of S. cerevisiae Brr2 and discovered similarities between two of its three subdomains and two structural modules of archaeal Hel308, a processive 3 ′ to 5 ′ DNA helicase involved in DNA repair (Pena et al. 2009; Zhang et al. 2009 ). Based on this information, the conservation of sequence throughout the remainder of these helicases, and additional functional data, both groups proposed a structural model for the amino-terminal, functional helicase domain of Brr2 that is analogous to the structure of Hel308. In the latter the Sec63-like domain is an integral component of the active site and is functionally connected to the two RecA-like domains by a winged helix module. The functional implication of the proposed structural organization of Brr2 is that, unlike other spliceosome associated DExH/D-box proteins, Brr2 may act in a more processive manner, which would likely be required to unwind the long stem regions of the U4/U6 duplex during the catalytic activation of the spliceosome.
As discussed earlier, Prp8 is thought to play a key role in organizing the catalytic core of the spliceosome, and it contacts all of the reactive groups (i.e., the 5 ′ ss, 3 ′ ss, and BS) of the pre-mRNA substrate during splicing. Prp8 contains a centrally located RRM, thought to mediate Prp8-RNA interactions. The crystal structure of the carboxyl terminus of the S. cerevisiae (Pena et al. 2007 ) and Caenorhabditis elegans (Zhang et al. 2007 ) Prp8 protein revealed a Jab1/ MPN core domain, found in enzymes that remove ubiquitin from ubiquitinated proteins. However, in Prp8 the Jab1/MPN domain is interrupted by insertions and the metal binding site is impaired. As the carboxyl terminus of Prp8 binds both Brr2 and Snu114, it was proposed that this domain of Prp8 represents a pseudoenzyme converted into a protein-protein interaction platform (Pena et al. 2007 ).
The most intriguing structure to be elucidated recently is that of another domain of the Prp8 protein located just upstream of the Jab1/MPN domain. Three groups independently solved the structure of a 250 amino acid domain of human and/or yeast Prp8 near its carboxyl terminus, which encompasses amino acids that contact the 5 ′ ss of the pre-mRNA (Pena et al. 2008; Ritchie et al. 2008; Yang et al. 2008) . The structure revealed an aminoterminal subdomain with an RNase H-like fold consisting of a five-stranded mixed b-sheet flanked by two a-helices (Fig. 6B ), but with a truncated RNase H active center. The RNase H-like domain was interrupted by the insertion of a b-hairpin (atypical for RNase H-like enzymes) and was juxtaposed by a carboxy-terminal cluster of five helices (Fig. 6B) . The RNaseH-like domain was shown to interact with a model RNA comprising portions of U2, U6, and the 5 ′ ss (Ritchie et al. 2008) , which may mimic part of the activated snRNA/pre-mRNA network. Furthermore, point mutations targeting the apparent RNase H-like active site residues had deleterious effects on cell viability (Pena et al. 2008; Ritchie et al. 2008; Yang et al. 2008) . Taken together, these results suggest a role for Prp8's RNase-Hlike domain in the assembly and/or maintenance of the spliceosome's catalytic core, and raise the interesting possibility that Prp8 may even directly participate in the catalysis of splicing, for example by coordinating a Mg ion important for catalysis.
CRYSTAL STRUCTURE OF THE HUMAN U1 snRNP
The recently reported crystal structure of an in vitro assembled U1 snRNP at 5.5 Å resolution represents a milestone in understanding the 3D structure of a spliceosomal snRNP (Pomeranz-Krummel et al. 2009 ). The crystallized U1 snRNP contained the U1 RNA, the seven Sm proteins (B, D1, D2, D3, E, F, and G), and part of the U1-C and U1-70K proteins, but lacked the U1-A protein.
Because of the relatively low resolution (for a crystal structure), site-specific labeling of individual proteins was performed to unambiguously map their positions, and the generation of an atomic model was aided by prior knowledge of the structure of several of the U1-associated proteins and a solution structure model of the U1 snRNA. The U1 structure was completed by modeling the known structure of U1-A bound to stem-loop II of the U1 snRNA. The U1 snRNA consists of four stem-loops (I-IV) and a short helix (H). It forms a four-helix junction with two coaxially stacked helices (stem-loop 1/stem-loop 2 and stem loop 3/Helix H) followed by the single-stranded Sm site which separates stem loop 4 from stem loops 1-3 and helix H (Pomeranz-Krummel et al. 2009) (Fig. 6C ). This is consistent with the previously proposed structure of free U1 snRNA that was based on biochemical studies (Krol et al. 1990 ). The crystal structure also confirmed the heptameric ring model of the Sm core, which proposed that the Sm proteins form a seven-membered ring containing one copy of each Sm protein, in the order E, G, D3, B, D1, D2 and F, with the Sm site RNA-Sm protein contacts occurring on the inner surface of the proposed ring (Kambach et al. 1999b) (Fig. 6C ). In addition, the crystal structure indicates that each Sm protein contacts one nucleotide of the U1 snRNA with the seven nucleotides of the Sm site (5-AUUUGUG-3 ′ ) likely to interact with the Sm proteins E, G, D3, B, D1, D2 and F, respectively (PomeranzKrummel et al. 2009 ). This general arrangement of the Sm core is likely to be found in all other snRNPs that contain the Sm proteins. The U1-70K protein contacts stem loop 1 of the U1 snRNA, and its amino-terminus wraps around the Sm core and contacts the U1-C protein, nearly 180 Å away from its RNA binding site (Fig. 6C) . The amino-terminus of the U1-70K protein together with the carboxyl terminus of SmD3, create a binding pocket for the U1-C protein, which provides a structural basis for the previously observed dependence of U1-C binding on the amino terminus of the U1-70K protein. Previous biochemical studies revealed a role for U1-C in stabilizing the base pairing interaction of the U1 snRNA with the 5 ′ ss. In the U1 crystal structure, the 5 ′ -end of the U1 RNAwas partially base paired to an adjacent U1 RNA, mimicking the U1/5 ′ ss duplex and thereby providing clues for how the U1 snRNA and U1-C might recognize the 5 ′ ss of the intron during early spliceosome assembly (Fig. 6C) . A loop and helix of the zinc finger domain of the U1-C protein binds across the minor groove of this duplex, consistent with a role for U1-C in stabilizing the U1/5 ′ ss duplex in early spliceosomal complexes. 
ELUCIDATION OF THE SPATIAL ORGANIZATION OF SPLICEOSOMAL COMPLEXES USING BIOCHEMICAL PROBES
Studies employing site-specifically tethered biochemical probes have demonstrated the power of this method for elucidating the spatial arrangement of spliceosomal components at different stages of the splicing process. For example, hydroxyl radical probing with Fe-BABE-tethered pre-mRNA revealed that the branchpoint and the 3 ′ ss are located within 20 Å of the 5 ′ ss already in the E complex (Kent and MacMillan 2002) . These data thus indicate that the pre-mRNA's 5 ′ ss, BS, and 3 ′ ss are spatially preorganized in the E complex. In a more recent study, the organization of U2 relative to U1 and pre-mRNA in spliceosomal complexes was analyzed via site-directed hydroxyl radical probing with Fe-BABE tethered to the 5 ′ end of U2 snRNA (Dönmez et al. 2007 ). These studies revealed that functional regions (i.e., the 5 ′ ss, BS, and 3 ′ ss) of the pre-mRNA are located close to the 5 ′ end of U2 in both the E and A complexes. Furthermore, they showed that U2 is also positioned close to U1 in a defined orientation already in the E complex, and that their relative spatial organization remains largely unchanged during the E to A transition. Finally, hydroxyl radical probing with Fe-BABE site-specifically tethered to the pre-mRNA 10 nts downstream of the 5 ′ ss revealed that the asymmetric bulge of the U6 ISL is in close proximity to the 5 ′ ss/U6 ACAGAG box helix in the activated spliceosome (Rhode et al. 2006) . These studies represent important first steps towards understanding the tertiary structure of the spliceosome's RNA-RNA and RNP networks.
In addition to the use of site-specifically introduced biochemical probes, ground work has now been laid to track structural rearrangements and the dynamics of proteinprotein and RNA-protein interactions within the spliceosome by introducing fluorescent probes into spliceosomal components for FRET analysis (Rino et al. 2008; Ellis et al. 2009 ), or by using single molecule approaches (Crawford et al. 2008; Guo et al. 2009 ). Most of these studies have been carried out in living cells where intermolecular interactions involving spliceosomal proteins are not limited to the spliceosome. In vitro, splicing reconstitution systems-for example as described above for S. cerevisiae (Warkocki et al. 2009 )-are highly amenable for introducing fluorescently labelled proteins into in vitro assembled spliceosomes and tracking intermolecular interactions during activation and the catalytic steps of splicing via FRETor other fluorescence-based assays. Thus, in the near future fluorescence-based techniques may be more commonly used to elucidate the structural dynamics of the spliceosome.
ELECTRON MICROSCOPY OF SPLICEOSOMAL COMPLEXES
Because of its highly dynamic and complex nature, singleparticle cryo-electron microscopy is currently the method of choice to study the higher-order structure of the spliceosome. 2D EM views of various spliceosomal complexes isolated under physiological conditions from human, D. melanogaster and S. cerevesiae are now available (Deckert et al. 2006; Fabrizio et al. 2009; Herold et al. 2009 ). These studies reveal conservation of the overall size and shape of the pre-catalytic B complex (Fig. 7) and the catalytic C complex from various organisms, indicating that higher order interactions and the general spatial organization of each of these spliceosomal complexes is conserved between higher and lower eukaryotes.
The structures of the precatalytic B, activated B, and catalytically active C complexes appear to differ dramatically (at least at the 2D level). In a very recent study, the yeast B, B act , and C complexes were affinity purified and their structure determined by single-particle electron cryomicroscopy ). A comparison of 2D class averages of these complexes revealed a maximum dimension of 400 Å in each case (Fig. 7B) . The morphology of the main projection images of B differed clearly from those of B act , which in turn differed from those of the C complex. The most pronounced differences were seen when comparing the B complex, which exhibits a triangular or rhombic shape in most class averages, with B act , whose main body is clearly more compact (Fig. 7B) . The structural dynamics revealed by these studies are consistent with the compositional changes and RNP rearrangements occurring during the B to B act and B act to C transitions.
A structural change was also uncovered by EM studies of yeast spliceosomes during the conversion of B act to B * , the catalytically active spliceosome formed after the ATPdependent action of Prp2 (Warkocki et al. 2009 ). Taken together, these results underscore the myriad of conformational changes that the spliceosome undergoes during its assembly, activation, and catalytic activity. They further suggest that, unlike the ribosome, a characteristic spliceosome structure does not exist, but rather because of its highly dynamic nature, its structure varies greatly throughout the splicing cycle.
LOCALIZATION OF REGIONS OF THE
PRE-mRNA IN THE SPLICEOSOME VIA EM
To localize functionally important components of the spliceosome, two groups have now introduced tags into the pre-mRNA and mapped their position in the 2D EM structure of the spliceosomal C or B complex. In the first study, an RNA hairpin that binds the coliphage coat protein PP7 
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Step 1 was introduced into either the 5 ′ or 3 ′ exon of a pre-mRNA substrate (Alcid and Jurica 2008) . After binding a PP7/ dnaN fusion protein, C complexes were allowed to form in nuclear extract, and were then affinity-selected and analyzed by single particle EM. Localization of the 5 ′ versus 3 ′ tags in 2D EM images revealed that the 5 ′ and 3 ′ exons are in close proximity in the C complex. In a second study, MS2 binding sites were introduced into either the 5 ′ or 3 ′ exon or the intron of the substrate, and were then bound by an MS2-MBP fusion protein. B complexes assembled in vitro on the pre-bound substrate were subsequently affinity selected and analyzed by EM ). The positions of the 5 ′ and 3 ′ exon and intron, were mapped after binding anti-MBP antibodies and labeling them with colloidal gold. These studies revealed that both exons and the intron are located near each other in the head domain of the B complex (Fig. 7A) . Additional immuno-labeling with antibodies against SF3b155, indicated that the latter protein (and as a consequence the U2 snRNP) is also localized in the head region of the B complex (Fig. 7A ). These studies represent important first steps toward mapping functionally important sites in the spliceosome.
3D STRUCTURES OF THE SPLICEOSOME OBTAINED BY EM
EM analyses of the 3D structure of the spliceosome have been hampered, primarily by the highly dynamic and labile nature of the spliceosome, which has resulted in difficulties in purifying defined, biochemically homogeneous, spliceosomal complexes that are structurally stable. By performing single-particle electron cryomicroscopy, 3D structures at a resolution of 30 -40 Å were reported for the human spliceosomal B and C complex, both affinity-purified from splicing extracts under stringent conditions in the presence of heparin (reviewed by Stark and Lührmann 2006) . BDU1 exhibited a triangular main body with a globular head domain and a maximum dimension of 370 Å (Bohringer et al. 2004) , whereas the C complex possessed an asymmetric shape with three main subdomains and a maximum dimension of 270 Å (Jurica et al. 2004) . At the current level of resolution, it is difficult to conclusively map the relative positions of the snRNP complexes within the spliceosome. Nonetheless, a comparison of the structure of the human U4/U6.U5 tri-snRNP with that of BDU1, strongly suggested that the tri-snRNP is located in the lower triangular domain of BDU1 and, as a consequence, that the U2 snRNP must be localized in the upper globular domain (Boehringer et al. 2004; Sander et al. 2006) . The 3D structure of the spliceosomal A complex, purified under physiological conditions, has also been elucidated (Behzadnia et al. 2007 ). It possesses a main globular body 205 Å × 195 Å × 150 Å in size, from which several smaller elements protrude. Due to the low resolution of the 3D structure ( 40 -50 Å ), it was not possible to localize A complex components, such as SF3b, whose 3D structure is known. In addition to these in vitro assembled spliceosomal complexes, the 3D structure of in vivo assembled human spliceosomes (whose assembly/functional stage is presently not clear) (Azubel et al. 2004) , and in vivo assembled Schizosaccharomyces pombe spliceosomal complexes containing U2, U5, and U6 (Ohi et al. 2007) , have also been reported. Higher resolution 3D EM structures of the spliceosome await improvements in sample preparation and also in image analysis (discussed by Lührmann and Stark 2009) . A recent step in this direction was the development of a mild chemical fixation method (termed Grafix), that has considerably improved sample quality and contrast, such that EM images suitable for a reliable 3D structure reconstruction could be obtained by cryo-EM, even in the absence of stain . Reducing the compositional heterogeneity of a given complex and obtaining samples where the vast majority are stalled at a specific conformational stage should also lead to improvements in resolution. In this respect, yeast spliceosomes-which are less complex and contain fewer substoichiometrically associated proteins-and which can be stalled at more precise steps of the splicing reaction using temperature-sensitive (ts) mutants of the various DExH/D-box spliceosomal proteins, appear to be ideal candidates for obtaining higher resolution images.
SUMMARY
Much progress has been made in recent years towards understanding the structure and function of the spliceosome. Both its conformation and composition have proven to be highly dynamic. Despite the hurdles generated by its dynamic nature, a clearer picture of the order and nature of the intricate rearrangements within the spliceosome and their contribution to its function, is slowly emerging. However, answers to a number of questions, foremost the precise nature of its active site, await the generation of a high-resolution structure of the spliceosome.
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